Introduction
Planetary gears offer various advantages over parallel-axis gears, including wide range of speed/torque ratios by varying the input, output, and reaction members; and compactness and greater torque-to-weight ratio due to multiple parallel paths. This has made them extremely popular in multispeed, high power density applications like automotive automatic transmissions. Despite their compact nature, there are demands for achieving still greater power density and consequently new designs, and new applications of existing designs, today operate at much higher stresses than they did even a decade ago. This has made it imperative to accurately evaluate system level influences early in the design stage. One important influence is the effect of pinion needle bearing support stiffness. This influence is the focus of this paper.
Traditionally, automatic transmissions have had four forward speeds. This can be achieved by using two planes of single pinion ͑sun-pinion-ring͒ planetary gearsets. Recently, there has been a trend towards transmissions with five to seven forward speeds. This has led to increasing use of double pinion planetary arrangements ͑sun-pinion1-pinion2-ring͒ such as the Ravigneaux and Lepelletier type arrangements ͓1-3͔. Though double pinion planetaries look like a natural extension of the single pinion arrangement, the loading condition is quite different and the influence of the pinion needle bearing support is especially significant. In this paper, both single and double pinion arrangements will be considered.
In general, the design of the planetary needle bearings has been based on static and dynamic load capacities and satisfying life requirements. The support stiffness provided by the bearing, though a consequence of the design, has not been a design criterion. In this paper we will study the influence of needle bearing tilting stiffness on the performance of planetary gears. We will also explore the interactions between bearing deflections and distributed gear loading.
A system level model of planetary gearsets is needed to study these interactions. The Gear System Analysis Modules ͑GSAM͒ software tool will be used in this study. A brief description of the model is included.
The effects that will be studied are:
• influence of support stiffness ͑deflections͒ on gear contact patterns in single and double pinion planetary gearsets • influence of distributed gear loads on bearing loads and moments in single pinion planetary gearsets
The radial stiffness of the needle bearing also has an influence on planetary gear performance. Its major influence is on planetary load sharing and has been studied elsewhere ͓4͔. There is minimal interaction between the bearing radial stiffness and contact pattern and stresses. In this paper, we will focus on the influence of the tilting stiffness. Clearances in the bearings will be considered as being a part of the tilting stiffness.
tions and errors͒, shaft misalignments, carrier windup, and carrier errors. As such, it is an ideal tool to study the interactions between system level influences. It is designed to quickly create some common gear configurations such as single and double pinion planetaries arrangements, Ravigneaux and stepped Ravigneaux arrangements, and multistage parallel axis arrangements. A detailed description of model capabilities can be found in Refs. ͓4,5͔.
Detailed contact analysis of gear systems is a complex problem. The width of the instantaneous contact zone is an order of magnitude smaller than the other dimensions of the gear body. Therefore, to accurately capture the instantaneous load distribution a highly refined mesh is needed near the contact zone. Also, as the gears roll through mesh, the zone of contact moves across the contacting surfaces. In order to model this using conventional FEA, one would have to either refine the mesh over the entire contacting surface, or remesh at each mesh position. Neither of these options is viable, especially when modeling entire gear systems with a number of active meshes and with a number of teeth in contact in each mesh. The GSAM software is built around a specialized three dimensional multibody contact analysis solver called Calyx. This solver efficiently overcomes this problem by making the contact model independent of the stiffness model.
For the stiffness formulation, the model uses a combination of finite elements and the surface integral form of the BousinessqCerruti solution ͓6͔ for a point load on a half-space. The finite element model is used to compute relative deformation and stresses for points that are away from the contact zones. For points near the contact zone, the semi-analytical solution is used to compute the relative deformations. The near field semi-analytical solution and the far field FEA solution are matched at a subsurface matching interface. For its FEA model, the software uses a special-purpose finite element called the finite quasi-prismatic element ͓7͔. Figure 1͑a͒ shows the contact model that has been implemented in GSAM. The program has extremely accurate mathematical definitions of the contacting surfaces. The facewidth of one of the mating surfaces is divided into a number of transverse sections. The midsection of each transverse section is then selected and the point on that section that is closest to the mating surface ͑in the unloaded state͒ is identified. Next, the solver lays a contact grid in the profile direction, centered about the closest point. In this way a contact grid is laid only over portions of the contacting surfaces that are closest to their mating surfaces. Also, grid cells are only laid at spatial locations where the contacting surfaces are closer than a threshold value ͑otherwise they are determined to be too far to come in contact under load͒. By following the outlined scheme, computational efficiency is greatly increased, as the contact grid is laid over a very small area of the mating surfaces. The contact grid is laid independent of the FEA mesh so there is no need to remesh at different time steps. Figure 1͑a͒ shows the schematic contact grid over one gear tooth. Similar grids are laid for all gear meshes and over all gear teeth that have a potential for contact. Figures 1͑b͒ and 1͑c͒ show the pressure distribution in the contact zone and the discretized load distribution, respectively.
Test Cases
Two test cases were chosen to study the interactions between the needle bearing stiffness and planetary gear performance. Case 1 is a single pinion planetary arrangement and case 2 is a double pinion planetary arrangement. The test cases were created such that as many parameters as possible were kept constant between the single and double pinion arrangements. Table 1 has the data  for the single pinion case and Table 2 has the data for the double pinion arrangement. The sun and pinion gears in case 1 are ex- actly the same as the sun and SP pinion in case 2. Case 2 has an additional pinion RP and the ring gears are of course different in the two cases. In both cases the powerflow is the same-the sun gear is the input member, the ring gear is the output member, and the carrier is the reaction member. The SP pinion in case 2 and the pinion in case 1 are operating under almost identical conditions except for orientation of meshes, and so will offer a good comparison between single and double pinion planetary arrangements. Figure 2 shows the GSAM models for both cases and the orientation and spatial locations of the gears can be seen.
Influence of Support Stiffness on Gear Load Distribution
Single Pinion Arrangement. First we will consider the calculations for bearing loads and moments for the single pinion planetary arrangement shown in Fig. 2͑a͒ . Figure 3 shows a plot of a pinion and the forces acting on it. The forces are assumed to be concentrated at the operating pitch point in the center of the facewidth of the pinion. This approximation is commonly done and gives the bearing loads and moments in the absence of a distributed load, or when the effective centroid of the distributed load ͑at a given point in time͒ coincides with the pitch point in the center of the pinion facewidth. For clarity, only two teeth are shown on the pinion-one at the sun mesh and one at the ring mesh. The coordinate axes are oriented such that the origin is at the center of the pinion, the radial mesh forces are along the X axis, the tangential forces are along the Y axis, and the axial forces are along the Z axis. Centrifugal forces are omitted in this calculation but can be easily superimposed.
Let, These are the forces and moments acting on the pinion that will be reacted upon by the pinion needle bearing. Under the action of the applied moment, the pinion will tilt on the needle bearing support. The amount of bearing tilt is a function of the bearing moments and the tilting stiffness of the bearing. As a result of the bearing tilt, the resulting contact pattern on the gears will be offcentered with the amount of off-center movement being dictated by the gear tooth stiffness, gear flank microgeometry, the amount of bearing tilt and any other factors causing misalignments of the gear meshes.
It is well understood that the contact pattern at the gear meshes is influenced by the misalignment of the gear meshes along the 
line of action ͓8͔. In order to understand the effect of the bearing moments on the gear contact patterns, it is necessary to calculate the resulting bearing tilts and the resulting on-line of action misalignments. From Fig. 4 ;
where, Considering just the concentrated force approximation we get
Note that a positive moment will push the load distribution towards the negative z end of the facewidth, and vice versa. For case 1
The resulting bearing tilt will therefore push the contact pattern towards the −Z end of the facewidth at the sun mesh and towards the +Z end of the facewidth at the ring mesh. This off-centered loading will result in new moments being applied, which in turn will alter the bearing tilt. This means that the contact pattern and load distribution depend upon the bearing tilt and the bearing tilt depends upon the load distribution. Therefore the tilting of the bearing and the load distribution at the gear meshes should be solved simultaneously. GSAM will be later used to quantitatively solve the gear-bearing system models. But this theoretical calculation is still extremely useful in highlighting the interactions between the gear meshes and bearings and comparing the single pinion arrangement to the double pinion arrangement. Double Pinion Arrangement. In the double pinion arrangement, there are two pinions in the path from the sun gear to the ring gear. The pinion that meshes with the sun gear will be designated as SP and the pinion that meshes with the ring gear will be designated RP. The included angles between the centers of the sun gear, SP, and RP are ␣, ␤, and ␥ as shown in Fig. 5 . Two reference frames will be defined-one for SP and one for RP. The X SP axis is aligned along the line joining the centers of the sun gear and SP and the X RP axis is aligned along the line joining the centers of the ring gear and RP. The Z SP and Z RP axes project out from the plane of the paper. The planes of action at the three meshes are also shown in the figure.
As before, consider the mesh contact forces to be concentrated loads at the center of the facewidth. As in the single pinion arrangement, the radial separating forces go through the origin of the coordinate frames and cause no moments and the tangential forces cause equal and opposite moments about the Z axes and result in no net moment. The axial forces result in unbalanced moments on the pinions.
In the following discussion:
Fz SUN , Fz RP are the axial forces on SP due to the sun and RP meshes, respectively. Fz SP , Fz RING are the axial forces on RP due to the SP and ring meshes, respectively. R SP-SUN , R SP-RP are the pitch radii of SP at the sun and RP meshes, respectively R RP-SP , R RP-RING are the pitch radii of RP at the SP and ring meshes, respectively M SP-SUN LOA moment on SP causing misalignment along the sun-SP plane of action M SP-RP LOA moment on SP causing misalignment along the RP-SP plane of action M RP-SP LOA moment on RP causing misalignment along the SP-RP plane of action M RP-RING LOA moment on RP causing misalignment along the ring-RP plane of action Table 4 summarizes the moments acting on the SP and RP gears. It should be noted that Table 4 reduces to Table 3 on setting ␤ = 180 deg and ␣, ␥ = 0 deg. Also
where ⌽ 1 , ⌽ 2 , and ⌽ 3 are the operating transverse pressure angles at the sun-SP, SP-RP, and RP-ring meshes, respectively. The sign convention is again such that a positive moment results in a shift in the contact pattern towards the negative Z end of Table 5 summarizes the moments for two cases using the equations in Table 4 . In both cases the input torque on the sun gear was 1378.7 N m ͑the same as in Tables 1 and 2͒ Table 2͒ .
Case 2-A shows that when the two meshes on the pinions are diagonally across ͑180°between meshes͒, the solution reduces to that for the single pinion case. The misaligning moments on the SP gear is exactly the same as in case 1 while those on the RP gear are lower due to smaller operating pitch radii.
Case 2-B shows the moments for the actual case 2 ͑Table 2͒. The results show that the net moment on the pinion needle bearing is lower. However, due to nonopposing meshes, there is a substantial moment along the X axis ͑line joining centers͒ which has a "cosine͑⌽͒" component in the plane of action. This results in a larger misalignment along the line of action. This makes the double pinion arrangement inherently more susceptible to offcentered loading.
Results from Table 5 show that
• The effect of nonopposing meshes is to increase the mesh misalignment at the sun-SP and RP-ring meshes.
• There is an increase in misalignment at the sun-SP mesh by a factor of 1.62 over the single pinion arrangement in Table  1 . The corresponding factor for the RP-ring mesh is 1.77.
• In these cases the misalignment causes the contact pattern to move towards the −Z end of the facewidth at the sun-SP mesh and the +Z end of the facewidth at the RP-ring mesh.
• The SP and RP gears tilt such that a major portion of the misalignments cancel out and the contact pattern will be reasonably centered on the SP-RP mesh. The net differential moment at the SP-RP mesh is only 11 N m. Table 5 shows the increase in the misaligning moment in the double pinion planetary arrangement. Those results are valid for the parameters chosen in case 2 ͑i.e., pressure angles ⌽ 1 , ⌽ 2 , ⌽ 3 and mesh angles ␣, ␤, and ␥͒. In this section parametric studies will be conducted to find the sensitivity of the misaligning moment to these variables. Worst case and best case scenarios will also be explored. Figure 6 shows the results for case 2-B. Figure 6͑a͒ shows the variation in misaligning moment in the SP-sun mesh as a function of included angle ␤ and Fig. 6͑b͒ shows the variation in misaligning moment in the RP-ring mesh as a function of included angle ␥. As seen in the figure, the ratio of worst case moment to the moment experienced in an equivalent single pinion planetary system ͑␤ = 180, ␥ =0͒ is about 1.88 for the sun-SP mesh and about 1.78 for the RP-ring mesh. For the SP-sun mesh this corresponds to ␤ = 111 deg and for the RP-ring mesh it corresponds to ␥ = 67 deg. Note that the actual design in Table 2 has ␤ = 75 deg and Table 5 had a ratio of 1.77 for the RP-ring mesh, which is close to the worst case. Also note that lower values of ␤ and ␥ give less misaligning moments. Table 6 shows the ratios and worst case angles ͑along with the derived approximate formulas͒ as a function of the transverse pressure angle. As the pressure angle increases, the misaligning moments increase. This is true for the worst case moment as well as the moment experienced by an equivalent single pinion system. However, the increase in the worst case moment is somewhat modest and hence the ratio of the worst case moment to the equivalent single pinion system actually decreases with increasing pressure angle. Worst case values of ␤ and ␥ are also shown. In general, smaller values of ␤ and ␥ have lower misaligning moments, regardless of the pressure angle.
Parametric Study

SP-SUN Mesh
Also note that for a 20 deg pressure angle pinion, in the worst case the double pinion arrangement can have a misaligning moment roughly twice that of an equivalent single pinion arrangement. This ratio can be as high as 2.5 times for a 15 deg pressure angle gear system.
Influence of Gear Load Distribution on Bearing Moments
The effect of distributed gear loads is next considered. The gear loads are distributed over a few teeth of the pinion at each mesh as well as distributed across the facewidth of the individual teeth. The net effect is that the instantaneous centroid of the distributed loads is offset. The offset in the Y direction will generally be small, but the offset in the Z direction can be significant, based on the resulting contact pattern. It is the Z offset that will be studied next. Figure 7 shows the schematic loading on the single pinion planetary with the centroid of the distribution being offset.
Let Z S and Z R be the Z offset of the centroid at the sun and ring meshes, respectively. This does not change the force balance equations, but does introduce new moment terms. Table 7 shows a summary of the moment terms. The values of Z S and Z R will vary to some extent as the gears roll through mesh, so the net moments will vary in time. Average values of Z S and Z R can be used and these are a measure of the shift in contact pattern ͑from a centered contact pattern͒. In general either of the Z S and Z R terms can be +ve or −ve. Table 8 shows the effect of various combinations of +ve and −ve Z S and Z R for case 1, compared to the solution for a centered contact pattern. In each case the centroid is assumed to move a quarter of the facewidth of the pinion. M x LD and M y LD are moments about the X and Y axis, respectively, due entirely due to the load distribution effect.
As seen in Table 8 , if the contact pattern moves towards the same end of the facewidth at both meshes, the result is a significant moment about the X axis while the moment about the Y axis remains virtually unchanged. On the other hand, if the contact pattern moves to opposite ends of the facewidth, the result is a smaller but still significant additional moment about the Y axis and the moment about the X axis is negligible. The additional moment about the Y axis will be additive in one case and subtrac- tive in the other case. Table 8 also highlights how the moments that the pinion needle bearing is subjected to, changes with the load distribution ͑and contact pattern͒ at the gear meshes, and how significant the changes can be. The contact pattern may be off-centered, as depicted here, due to a variety of reasons, including:
• gear ͑sun, pinion, ring͒ lead errors • carrier pin-hole straightness error • carrier windup • bearing tilts
Of particular relevance to this discussion is the bearing tilt, as there are interactions between bearing tilts and load distribution. To understand this interaction the moments on the bearings should be resolved in the planes of actions of the meshes. Table 9 shows the moments causing plane of action misalignments for the cases 1-A to 1-E. The effect of just the load distribution portion, as well as the total moment is shown. Note that a positive moment will push the load distribution to the negative z end of the facewidth ͑ +ve M LOA-sun = Ͼ −ve Z S ͒, and vice versa. As seen in Table 9 , the effect of the load distribution is to induce moments that would push the load distribution back towards the center of the facewidth. For example when Z S and Z R are positive, the moments induced are such that the plane of action moments are positive, causing a negative shift to Z S and Z R . This is true for all cases. The implication is that the moments induced by contact pattern shifts are self-correcting. This means that the net moments change such that the relative increase or decrease in bearing tilts serves to correct the off-centered loading. However, this does not imply that the net load distribution will be centered-just that the bearing tilt will partially offset the off-centered loading condition. Also, different combinations of Z S and Z R result in different amounts of plane of action correction. The cases where the contact pattern shifts to one of the facewidth at both meshes ͑cases 1-B and 1-E͒ the plane of action correction is substantial, whereas the cases where the contact pattern moves to opposite ends of the facewidth ͑cases 1-C and 1-D͒ the plane of action correction is modest.
Next, consider the effect of the bearing tilt on the load distribution in the absence of any other contributing factor. From Tables 3, 8, Therefore the bearing will tilt such that the contact pattern moves towards the negative z end of the facewidth at the sun mesh, and the positive z end of the facewidth at the ring mesh. This will result in a situation where Z S is −ve and Z R is +ve. The resultant contact pattern will be similar to case 1-D. The magnitude of Z S and Z R will depend upon, among other things, the tilting stiffness of the needle bearing. Depending on the magnitude of Z S and Z R , a modest self-correcting moment in the plane of action will be superimposed and the magnitude of the plane of action misaligning moments will be somewhat reduced.
The following are the significant conclusions:
• Distributed load on the gear teeth have a significant impact on the induced bearing moments.
• The effect of the moments induced by the off-centered loading is always directionally self-correcting.
• The relative magnitudes and directions of the self-correcting moments depend upon the direction of the off-centered loading at the two meshes.
• The effect of the bearing tilt ͑in the absence of other contact pattern changing factors͒ is to shift the load towards one end of the facewidth at the sun mesh and the opposing end of the facewidth at the ring mesh.
Though the effect of the distributed load was analyzed only for the single pinion planetary arrangement, the influence is similar for the double pinion planetary gearsets.
Comparison with Numerical Simulations
In this section, the trends predicted by the theoretical analyses will be compared to numerical simulations using the GSAM model. The GSAM model includes the pinion being supported by the needle bearing stiffness, so the influences discussed earlier are implicitly accounted for. In addition to the directional changes in contact pattern, the GSAM model predicts the resulting contact pattern and stresses. Simulations were run for the following cases: Single pinion planetary arrangement:
• case 1-GA rigid bearing support • case 1-GB normal bearing support • case 1-GC flexible bearing support • case 1-GB-R normal bearing support, rigid gear In each case, the bearing stiffness is modeled as a 6 ϫ 6 diagonal matrix. The radial and tilting stiffnesses are as shown in Table  10 . The stiffness values used here are assumed, and the range chosen to illustrate their influence on the gear contact patterns and stresses. The rigid bearing support is modeled to allow comparison with the theoretical analysis. For a particular case, the exact bearing stiffnesses can be used. These can be calculated by inhouse software ͑GSAM and others͒ or obtained from bearing vendors. Clearances are included in the bearing stiffness calculation. Also, as bearing stiffnesses are nonlinear, calculations are valid for a given loading condition. Typical automotive planetary needle bearings have stiffnesses in between those used in cases 1-GB and 1-GC.
In Table 10 , the GSAM calculated net moment on the pinion about the X and Y axis are shown. The results are shown for a given mesh position, but similar results were obtained for one complete base pitch rotation of the gears. In case 1-GA, the pinion is supported by rigid bearings and so the generated bearing moments do not result in any bearing tilt. In the absence of other factors that may cause misalignments, the resulting contact pattern is well centered Transactions of the ASME consideration and will vary to a limited extent as the gears roll through mesh. Figure 8͑a͒ shows the corresponding GSAM predicted contact pattern and the load distribution for the mesh position under consideration.
In case 1-GB the pinion is supported by a bearing of intermediate stiffness causing moderate shifts in contact pattern. In case1-GC the pinion is supported by a flexible bearing and the resulting bearing tilt pushes the contact pattern towards the ends of the facewidth. The theoretical prediction was a contact pattern shift as in Table 8 , case D. The effect of the contact pattern shift ͑from Table 8͒ is to slightly change Mx-PIN and significantly reduce My-PIN . This reduces the misaligning moments in the sunpinion and ring-pinion planes of action. The GSAM predicted moments and contact pattern shifts are consistent with the theoretical predictions.
It should be noted that though the directions of the contact pattern shifts can be predicted by the theoretical analysis, the actual amount of the contact pattern shift cannot be predicted without a full system level solution. This is because the theoretical discussion was focused on the rigid body motions of the gear bodies. It did not consider the loaded deflection of the gear bodies. The gear bodies have gross body deflections due to the radial loads, gear tooth deflections due to the tangential loads and contact deformation due to the contact loads. These deflections serve to partially neutralize the bearing tilt induced misalignment. The final load distribution depends upon these deflections along with the rigid body movements ͑and other sources of misalignments͒ and tooth flank modifications ͑lead crowns and lead tapers͒.
Case 1-GB-R has the same bearing stiffness as case 1-GB, but the modulus of elasticity of the gear material was assumed to be ten times that of steel. This was done to illustrate the influence of gear tooth deformation due to tooth bending and surface contact. In this case, the neutralizing influence of the deflections is greatly reduced and the contact shifts significantly more than in case 1-GB. Figure 8͑d͒ shows the GSAM predicted contact pattern. The interactions between the load distribution, bearing tilts, and body deformations cannot be predicted without considering a full system level model of the gear-bearing system.
Next the following double pinion cases were analyzed:
• case 2B-GA rigid bearing support • case 2B-GB normal bearing support
The bearing stiffnesses were same as those used in the corresponding single pinion planetary cases. The moments causing line of action misalignment were extracted from the GSAM runs and are shown in Table 11 . The approximate theoretical values ͑ignor-ing load distribution effects͒ are also shown. As in the single pinion planetary case, there is good agreement between the theoretical values and the GSAM run with rigid bearings. The GSAM values are for a given mesh position, and there is some variability in these values as the gears roll through mesh. Also, as in the case of the single pinion planetary arrangement, once the load distribution becomes off-centered ͑case 2B-GB͒ there is a selfcorrecting moment imposed that results in a smaller misaligning moment. The smaller absolute value of the misaligning moment in case 2B-GB versus case 2B-GA should not be interpreted as a smaller tilt ͑or smaller shift in the contact pattern͒. This is because at the lower stiffness even the smaller moment will result in a larger tilt.
The resulting contact patterns are shown in Fig. 9 . As in the case of the single pinion arrangement, the bearing tilt results in off-centered contact pattern at the sun-SP and RP-ring meshes. The amount of contact pattern shift is however more than was the case in the single pinion case, due to greater misaligning moments. Also, as predicted by Tables 5 and 11 , the SP-RP mesh shows centered contact pattern.
A straight comparison cannot be made between case 1-GB and case 2B-GB. This is because in these cases the amount of bearing tilt influences the amount of contact pattern shift and that in turn influences the resulting bearing moments. But a comparison can be made between the cases where the bearings were assumed to be rigid ͑cases 1-GA and 2B-GA͒. The GSAM results show a greater moment driving the contact to be off-centered in the double pinion case than in the single pinion case. If the gear body Fig. 9 GSAM predicted contact patterns and load distribution for double pinion cases: "a… case 2B-GA, "b… case 2B-GB and mesh stiffness were similar in both cases, the resulting contact pattern will be significantly more off-centered in the double pinion example. The final contact pattern depends upon a number of factors such as misalignment ͑from various sources͒, gear flank microgeometry, and tooth and body deflections. Correction strategies to get optimum load distribution should therefore consider the entire system and can be composed using a combination of many factors. Possible ways to correct the off-centered loading driven by bearing tilting motion include:
• prescribing appropriate tooth flank modifications • neutralizing the bearing tilts with other sources of misalignments like carrier windup • bearing designs that provide more tilting support • appropriate choice of pressure angles, helix angles, and gear mesh angles
Detailed description of correction strategies is beyond the scope of this paper, but will be looked at in a subsequent paper. The shifts in the contact pattern have a significant influence on the gear operating stresses. Table 12 shows the contact and bending stresses on the sun, pinion, and ring gears for the single pinion planetary arrangement. The results of cases 1-GA and 1-GB ͑rigid bearing versus normal bearing͒ show a 12-21% increase in bending stresses and a 20-40% increase in contact stresses. Also there is a doubling of bending stresses and a tripling of contact stresses between cases 1-GB and 1-GC. Typical automotive planetary needle bearings have tilting stiffnesses somewhere in between those used in cases 1-GB and 1-GC. As seen in Table 12 , needle bearing tilting stiffnesses will have a significant influence on the stresses in these cases.
It should be noted that both radial and tilting stiffnesses depend upon the bearing geometry and clearances. Results in Ref. ͓4͔ show that a lower radial stiffness is desirable from a load sharing perspective and results presented in this paper show that a higher tilting stiffness is desirable from a contact pattern standpoint. These may be competing requirements and a practical compromise would have to be worked out during the bearing design stage.
Conclusions
In this paper the influence of planetary needle bearing support on the performance of single pinion and double pinion planetary gearsets has been highlighted. It has been shown that the tilting motion of the pinion on the needle bearing, due to the axial forces, results in gear mesh misalignment in the plane of action. This misalignment causes shifts in load distribution and contact pattern. It is also shown that the resulting off-centered loading changes the net moments ͑and the plane of action moments͒ on the pinion.
It has been established that double pinion arrangements are more susceptible to off-centered contact patterns as the moments causing plane of action misalignment are higher. The misaligning moments on the pinions in the double pinion arrangement can be over twice those in an equivalent single pinion case. Also the bearing tilts will push the contact to opposing ends of the facewidth at the sun-SP and RP-ring meshes, and there will be centered contact between the pinions.
The interactions between the bearing tilts, tooth flank microgeometry, and tooth stiffness has also been shown. A system level model capable of modeling these interactions has been used to qualitatively confirm the conclusions of the theoretical analysis and to quantify the effect of those influences on contact patterns and stresses.
